An investigation of active magnetic regenerators ͑AMRs͒ has been performed near room temperature using helium as a heat transfer fluid and a magnetic field of 2 T. To evaluate the impact of the operating conditions, the performance of two reciprocating 90 g gadolinium packed bed regenerators was mapped as a function of the fluid flux and cycle frequency. In addition, two multilayer regenerators of similar mass and dimensions, composed of a layer of gadolinium and a layer of a gadolinium-terbium alloy, were tested and compared to the performance of the Gd-only regenerators. The multilayer regenerators produced a larger temperature span and cooling power compared to the single material regenerators of equivalent mass and geometry ͑temperature spans of about 20 and 16 K, respectively͒. Theses results validate the concept of a multilayer AMR, provide useful data for magnetic refrigerator design, and provide better understanding of active magnetic refrigeration.
INTRODUCTION
Magnetic refrigeration is based on the magnetocaloric effect ͑MCE͒. Near the phase transition of magnetic materials ͑i.e., the Curie temperature͒, adiabatic application of a magnetic field reduces the magnetic entropy by ordering the magnetic moments. This results in an increase in the temperature of the magnetic material. The MCE is defined in terms of an adiabatic change in temperature or isothermal change in magnetic entropy. This phenomenon is practically reversible for some magnetic materials; thus, adiabatic removal of the field reverts the magnetic entropy back to its original state and cools the material accordingly. This reversibility combined with the ability to create devices with inherent work recovery makes magnetic refrigeration a potentially more efficient process than gas compression and expansion. To produce refrigeration, the magnetic material is coupled with a heat transfer fluid. While the refrigerant is kept magnetized, the fluid transfers energy to a hot heat sink. Removal of the field reduces the refrigerant temperature to a point lower than it was prior to magnetization. Thus, the material can refrigerate a cold source coupled to the heat transfer fluid. With the magnetic material in the form of a porous solid and a benign substance like water or helium as the heat transfer fluid, magnetic refrigerators can be compact and do not affect the ozone layer or increase the greenhouse effect.
Magnetic refrigerators using a simple magnetic Brayton refrigeration cycle already exist for the ultralow temperature regime ͑Ͻ4 K͒ but only operate over a small temperature span. The MCE is usually on the order of 2-3 K/T, and is not large enough to allow this simple cycle to produce temperature spans much larger than 10 K ͑depending upon the strength of the magnetic field applied͒. For higher temperatures and larger temperature spans, the active magnetic regenerative cycle ͑AMR͒ is used. 1 In this cycle, the magnetic material is not only the working material but also a thermal regenerator with the temperature across the porous bed ranging from that of the heat source to that of the heat sink. Magnetic refrigeration technologies for high temperature ranges needed for liquefaction of gases are still under development and require performance improvement. Near roomtemperature AMR refrigerator prototypes have been demonstrated using superconducting magnets ͑4 -7 T͒ and have generated relatively high cooling powers of 600 ͑Ref. 2͒ and 100 W. 3 Recently, devices using permanent magnets ͑around 0.5-2 T͒ have been tested, but the cooling power is generally lower because of the lower field applied. Prototypes using Gd-only regenerators 4 -6 and Gd 1Ϫx Dy x alloy (x ϭ0.11,0.13,0.16) regenerators 7 have also been developed. Since the MCE is at a maximum near the transition temperature of magnetic materials, it has been suggested that a way to improve refrigerator performance would be to arrange different refrigerants in layers ordered according to transition temperature. 8 The governing differential equations that describe magnetic refrigeration cycles are highly nonlinear. 
ACTIVE MAGNETIC REGENERATIVE CYCLE
In the AMR cycle, the magnetic refrigerant also acts as a heat storage medium and participates in the cycle much like a regenerator. Going from cold source to hot sink, each section of the regenerator experiences its own refrigeration cycle with the net work at each section dependent on the local MCE value. The cycle is illustrated in Fig. 1 and consists of the following steps.
͑1͒
The regenerator is adiabatically magnetized, causing an increase in temperature throughout the bed determined by the local MCE value. ͑2͒ Fluid flows through the magnetized regenerator from the cold to the hot end. The fluid absorbs heat from the bed and delivers a heat load to the warm sink through a heat exchanger at the hot side of the bed. ͑3͒ The regenerator is adiabatically demagnetized, causing the temperature everywhere in the bed to decrease by the local MCE value. ͑4͒ Fluid flows through the regenerator in the reverse direction, from the hot to the cold end. The fluid is cooled by the bed and can absorb a heat load at the cold section through a heat exchanger. The cycle is then repeated.
Over a cycle the cooling power is determined by the product of the thermal mass and the difference in temperature of the fluid passing through the cold heat exchanger. During magnetization, the magnetic forces draw the regenerator into the field. The magnetization increases when the regenerator is cooled under high field and, thus, larger force must be applied to move the regenerator out of the magnetic field. The work performed to compensate for the difference between these forces constitutes the net theoretical work input in the cycle. In a good design, the forces applied to demagnetize the refrigerant can be partially balanced by the forces produced when magnetizing another quantity of refrigerant.
To transport heat through the entire regenerator, the magnetic material must have an adequate MCE over its length. Because the MCE decreases quickly for most materials as the temperature moves away from the phase transition region, combining many layers of different materials in one regenerator was suggested 8 and modeled 9 as a way to maintain a higher MCE over the entire temperature span, thereby improving performance. Hence, an appropriate multimaterial regenerator should produce a larger temperature span and more cooling power, which are essential for large temperature range devices such as hydrogen liquefiers. To the knowledge of the authors, the only published attempt to experimentally compare a multimaterial layered AMR to a single material regenerator was done in 1990 at the David Taylor Research Center. 10 Using a 7 T field, a 24 K temperature span was obtained with an active magnetic regenerator composed of three equal layers of Gd, a Gd and Tb mixture, and Tb. This was significantly less than the 50 K these researchers obtained using gadolinium in the same apparatus.
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To overcome these lower than expected results, they suggested establishing an initial temperature gradient in the regenerator and using materials that have closer Curie temperatures. The results may also be attributed to nonoptimal operating conditions and/or arrangement of material in the regenerators.
EXPERIMENTS
Gadolinium, a magnetic refrigerant with a Curie temperature near 293 K, is a well-studied material that produces a relatively large MCE. It was selected as the refrigerant for a single material regenerator and for the first layer of a multimaterial regenerator. A gadolinium-terbium alloy, Gd 0.74 Tb 0.26 , with a Curie temperature of 278 K, was selected for the second layer of the multimaterial regenerator. The Gd and Tb are commercial grade with purity of 99.9% for both materials. Figure 2 shows Gd ͑Ref. 12͒ and Gd 0.74 Tb 0.26 ͑Ref. 13͒ MCE curves in terms of the adiabatic change in temperature taken from the literature.
Buttons of each material were milled into flakes approximately 120ϫ700ϫ1000 m 3 . Spherical particles would be preferred for testing, but the cost precluded that geometry from being used. The flakes were inserted into cylindrical phenolic shells and bonded with a thin coating of epoxy to form a monolithic layer. The amount of epoxy layer was minimized to avoid negative impacts on the porosity and thermal properties of the bed. 14 The regenerator layers had diameter and length of 2.5 cm, mass of approximately 45 g, and porosity of 55%-60%, depending on the material. A sample of Gd was tested before and after processing to see if the isothermal change in entropy was affected. Figure 3 shows the measured magnetic entropy change for a field of 2 T. The difference is within the precision of the measurements, thus the regenerator fabrication method does not significantly affect the MCE of the material.
Experiments were conducted with an active magnetic regenerator test apparatus ͑AMRTA͒ built as a tool to dynamically characterize the behavior of magnetic regenerators. 15 A schematic of the system is shown in Fig. 4 . It was designed to test two reciprocating cylindrical regenerators moving relative to a 2 T magnetic field generated by a conductioncooled NbTi solenoid. Layering is along the axes of the regenerators. ͑Note that Fig. 4 represents the magnet moving relative to the regenerators to simplify the drawing.͒ Heaters between the regenerators act as heat loads. On the warm ends, heat exchangers that are water cooled act as hot heat sinks ͑295 K͒. The heat transfer fluid, helium, is blown through the regenerators by a displacer. Using gas as the heat transfer fluid eases the procedure of changing refrigerants and helium was chosen in view of future low temperature tests. The drawback is that helium has a low volumetric heat capacity in comparison with liquids and limits the thermal flux of fluid, which limits the operating range of the device. The whole system is confined in a vacuum chamber to minimize convective heat leakage to the cold sections. The maximum operating pressure for helium is 10 atm, corresponding to mass flow of approximately 0.4 g per half cycle due to the displacer volume. The operating frequency can be set between 0.2 and 1 Hz. The temperature is measured at the regenerator ends using standard platinum resistance temperature detectors ͑RTDs͒.
RESULTS
For the tests, each regenerator was made up of two individual monolithic beds stacked together. Two single material regenerators composed of two 45 g Gd layers and then two multilayer regenerators, each composed of a 45 g Gd puck on the warm side and a 40 g Gd 0.74 Tb 0.26 puck on the cold side, were tested. A similar range of operating parameters was used for both regenerators. Because the heat transfer fluid is helium and the cooling power is relatively low the system takes approximately 1.5 h or 3000-5000 cycles to reach steady state. In the following, performances are compared based on the temperature span achieved.
One aspect examined in the single material regenerator test was the impact of the ratio of the fluid thermal capacity to the refrigerant thermal capacity. This ratio is called utilization ͑⌽͒, defined as ⌽ϭC pគfluid m fluid /C ref m ref . One way to vary ⌽ is to change the fluid density by varying the pressure. For a passive thermal regenerator, small utilization is preferred to obtain high thermal efficiency. However, in magnetic refrigeration, the refrigerant is also the working material and a significant amount of heat must be exchanged in order to produce refrigeration. Presently, there is no analytical relationship that quantitatively links utilization and performance. Figure 5 shows that, in the apparatus operating range, increasing the heat transfer fluid utilization positively impacts system performance. Therefore, to obtain peak performance with similar geometry and operating conditions, the utilization should be increased. This shows that, in the present experimental temperature range, helium may not be the optimal heat transfer fluid due to its low thermal mass. Increasing the pressure or volume of gas displaced would increase the thermal capacity flux. Water could also be used in this temperature range.
Increasing the operating frequency, i.e., the number of thermodynamic cycles, increases the rate of work performed on the material, and thus the cooling power. In practice, high frequency allows less magnetic material and, therefore, overall apparatus size. The results presented in Fig. 6 show that frequency positively impacts the performance. However, it is expected that frictional and other parasitic loss will eventually limit the benefits of higher frequency.
One of the primary objectives of the experiments was to examine and prove the multilayer concept. Figure 7 shows a comparison of the performance of the two different active magnetic regenerators with similar mass, size, particles, and operating conditions. One can see a temperature span near 20 K (T cold ϭ277 K) obtained with two Gd/Gd 0.74 Tb 0.26 multilayer regenerators. Also shown is the performance of equivalently sized regenerators made up of two layers of Gd with a maximum temperature span of about 16 K (T cold ϭ281 K).
Producing a larger temperature span implies that the AMR generates more cooling power. For instance, for a temperature span of 14 K, the multilayer regenerator is capable of approximately 2 W of cooling power compared to 1 W from the Gd-only regenerator. The multilayer AMR temperature span starts to exceed that of the single material when the cooling power is lower than 3.4 W which corresponds to a temperature span of 11 K and a cold temperature of 284 K. These results demonstrate that a multimaterial AMR can produce a larger temperature span and more cooling power than a single material AMR. These experiments also suggest that finding a rule as to how best use a second regenerator layer of another material is needed. More data and analysis are needed before this will be possible.
CONCLUSIONS
Gd and Gd 0.74 Tb 0.26 active magnetic regenerators were experimentally studied in an AMR cycle in the near-room temperature range. Increasing the fluid capacity ratio and the operating frequency positively impact the temperature span and cooling power within the current operating range of the device. The multimaterial regenerator was found to produce a higher temperature span and more cooling power than the single material regenerator under certain operating conditions. This experimental study opens the way to a better understanding of the multimaterial layered regenerator and could lead to the refinement of theoretical models. Being able to produce a larger temperature span and more cooling power using regenerators composed of more than one material is a major milestone in magnetic refrigerator development. 
